Introduction
Cancer cells are characterized by a large capacity to utilize glucose predominantly by the glycolytic pathway even under aerobic conditions [ 1-31. The high glycolytic glucose catabolism is the major source of energy for proliferation and precursors for nucleic acid and lipid biosynthesis in rapidly growing tumour cells. Changes in the activity and expression of key enzymes of the glycolytic pathway are a prerequisite of such metabolic alterations. Hexokinase (ATP-Dhexose 6-phosphotransferase; EC 2.7.1.1), which catalyses the conversion of glucose into glucose in the first step of glycolysis and which represents an important control point in this pathway, shows a large increase in activity mRNA level [5, 7] and transcription rate [8] in many tumour cells. The increase in activity shows a good correlation with the growth rate or malignancy of the turnour as compared with normal cells . The increase in hexokinase (HK) activity achieved by overexpression is further potentiated by binding of a large amount of the enzyme to the outer mitochondria1 membrane, where it has direct access to mitochondrially generated ATP and is less sensitive to Glc6P inhibition [4] .
Liver-specific high-& enzymes, usually subject to metabolic andor hormonal control, are often replaced by differently regulated low-K, isoenzymes in hepatocellular tumours [2, 12, 131 . This is also true for HK. In mammalian liver, HK is present in four isoenzymic forms with distinct kinetic properties, designated types I, 11, I11 and IV according to their electrophoretic Abbreviations used: Glc6P, glucose 6-phosphate; HK, hexokinase; NNM, N-nitrosomorpholine. mobility [14] . Glucokinase (HK type IV) is the isoenzyme specific for hepatocytes, and hexokinases I, I1 and I11 are mainly expressed in nonparenchymal liver cells. Glucokinase is no longer detectable in rapidly growing highly glycolytic hepatocellular carinomas; instead HKII and to a lesser extent HKI are overexpressed [5,6,15-171. Most of the studies on HK expression were performed on transplantable rapidly growing hepatomas. However, hepatocarcinogenesis is a multistep process comprising a sequence of preneoplastic as well as benign and malignant neoplastic stages. It was therefore of interest to study HK activity and expression and a potential isoenzyme shift at different stages of neoplastic transformation of liver cells.
HK activity in preneoplastic and neoplastic liver lesions
Extensive investigations of preneoplastic liver lesions in rat revealed that the development of hepatocellular adenomas and carcinomas is preceded by the emergence of small groups of hepatocytes that show alterations in the activities of various enzymes, especially those of carbohydrate metabolism, long before the neoplasms become manifest [18] [19] [20] . One of the earliest preneoplastic lesions detectable by light microscopy in the livers of rats treated with a chemical carcinogen such as N-nitrosomorpholine (NNM) consists of large cells that store excessive amounts of glycogen. These glycogen-storage foci slowly develop through mixed and basophilic cell foci to hepatocellular adenomas and carcinomas, which, as a rule, are lacking in glycogen. Histochemical, immunocytochemical and microbiochemical assays have been developed to Volume 25
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investigate the activity and expression of enzymes of carbohydrate metabolism in the different lesions. Glycogen-storage foci typically show a decrease in the activity of the gluconeogenic enzyme, glucose-6-phosphatase, and of glycogen phosphorylase and adenylate cyclase, and an increase in the activity of the glycolytic enzyme, pyruvate kinase, and of glucose-6-phosphate dehydrogenase, the key enzyme of the pentose phosphate pathway [ 18, 19, . These alterations in enzyme activity usually persist throughout the progression of the preneoplastic lesions to neoplasms. A significant increase in the activity of HK, the key enzyme of glycolysis, was, however, only detected in hepatocellular carcinomas, and not in preneoplastic foci and adenomas [24] . The results of microbiochemical analysis of HK and glucokinase activity in a large number of individual lesions and in unchanged surrounding tissue dissected from freeze-dried sections with a laser beam under the microscope are summarized in Figure 1 . Glucokinase showed a significant gradient in activity from the perivenous to the periportal part of the liver lobule in both untreated and NNM-treated rats.
In the glycogen-storing preneoplastic foci, glucokinase activity was reduced compared with the relatively high enzyme activity in the extrafocal perivenous parenchyma. A further decrease in glucokinase activity was observed in foci of the mixed cell type and in glycogen-poor basophilic foci appearing at later time points. However, this enzyme activity was not significantly different from glucokinase activity observed in periportal areas of the liver lobule. Adenomas, which are relatively rich in glycogen, exhibited a glucokinase activity in the same range as that in the glycogen-storage foci. In all carcinomas glucokinase activity was greatly reduced or even undetectable ( Figure 1 ). In contrast with glucokinase, HK activity did not show a significant gradient in the liver lobule. The average HK activity in the extrafocal parenchyma of NNM-treated rats was similar to that in the liver parenchyma of untreated controls ( Figure 1 ) and was probably mainly due to non-parenchymal cells. In the various types of preneoplastic hepatic foci and even in the adenomas, HK activity did not differ significantly from that in the surrounding tissue. However, HK activity was significantly increased 
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in all carcinomas studied, but the increase varied from a 1.5-to 15-fold. The results show that isoenzyme shift from glucokinase to HK is a late event in hepatocarcinogenesis [24] .
Activity and expression of HKI and HKll
The histochemical and microbiochemical studies on HK activity in preneoplastic and neoplastic liver lesions did not clarify whether only one or all the isoforms of HK are increased in tumours, and whether the increase in activity is related to an overexpression of the respective genes. [S] . CIIearly cells are characterized by an accumulation of large amounts of glycogen, a phenomenon that is also observed in early preneoplastic hepatocellular lesions in the rat (see above). CIIlate is lacking in glycogen and corresponds to glycogen-poor basophilic foci in rat liver. Normal rat liver and MH 3924A kept as solid transplantable tumour were studied for comparison. The specific activity of total HKs was increased 4-fold in homogenate of the solid MH 3924A as compared with normal liver; in the cell lines the increase was between 7.6-and 13.5-fold (Table 1) . The increase in HK activity in the cell lines and in the solid hepatoma was associated with a gradual increase in HK activity found in the mitochondrial fraction. The percentage of membrane-bound HK increased from 32 and 35% in normal liver and CIIearly cells respectively to 55 and 56% in CIIlate cells and solid MH 3924A, to 69% in MH 3924A cells. This indicates a correlation between the amount of membranebound enzyme and the transformation stage of the cells. The observation that cultured MH 3924A cells showed a higher amount of bound enzyme than the solid tumour is in line with the finding that the cell line exhibits a less differentiated phenotype than the solid tumour [5] . Only two HK isoforms corresponding to the low-K, HKI and HKII could be separated chromatographically on DEAE-cellulose from the cytosolic as well as from the mitochondrial fraction of all cell lines and tumours studied [5, 6] . In normal rat liver, all four isoforms were resolved by this method. HKI had a K, for glucose of 0.052 mM, Table I Specific activity and HKI/HKII and HKlla/HKllb ratios in normal and transformed liver cells
Homogenates and the active fractions of the cytosolic enzymes after chromatographic separation on DUE-cellulose (HKI and HKII) and phenyl-Sepharose (HKlla and HKllb) [4] were assayed for HK activity. The total activity in the respective pooled fractions was measured and the ratios of HKl/HKll and HKllaJHKllb were determined. Specific activity is given in m-units/mg of protein. Values in parentheses are percentage of that in liver. The yield of HKI+HKII is related to I00000 g supernatant; the yield of HKlla+llb is related to total HKll activity obtained after DEAE-cellulose chromatography. Reprinted from [5] and it co-migrated with brain HK (HKI) on native PAGE. The increase in cytosolic HKI activity was 2.4-fold in the solid tumour and between 12.1-and 13.5-fold in the cell lines (Table 1) . A single 4.3 kb mRNA was detected with a cDNA probe specific for HKI in Northern blots.
HKII co-migrated with rat muscle HK (HKII) on native PAGE. The specific activity of cytosolic HKII increased between 7.0-and 14.7-fold in the cell lines and the tumour compared with normal liver. Interestingly the glycogen-storing cell line showed a much greater increase in HKII activity than the other cell lines ( Table 1 ). The ratio of HKI to HKII calculated from total activity was greater than 1 in normal rat liver and less than 1 in all neoplastically transformed tissues and cells (Table 1) . Northern-blot analysis with a cDNA probe specific for HKII revealed a broad hybridization band, 5.2-7.0 kb in size.
Microheterogeneity of HKll
Characterization of the two subtypes Ila and Ilb HKII is the predominant isoenzyme not only in the hepatocellular carcinoma and in the cell lines investigated in this study but also in other tumours [5] [6] [7] 15, 16] . We observed a microheterogeneity of HKII (but not of HKI) in MH 3924A and in spontaneously transformed epithelial liver cells [5, 6] , and also in normal liver. Two subtypes IIa and IIb were separated by phenylSepharose chromatography, which indicates that the microheterogeneity is based on different hydrophobic properties rather than charge differences. Both subtypes were found in the cytosol as well as in the mitochondrial fraction. HKIIb was the predominant form in the rapidly growing Morris hepatoma, and the HKIIb/IIa ratio was higher in the particulate (6) (7) (8) than the soluble (1.5-2.0) fraction. Binding of the isolated forms of the enzyme to isolated rat liver mitochondria resulted in a 2-10-fold activation of both subtypes. Biochemical characterization of the subtypes revealed the same molecular mass (110 kDa), but different hydrophobicity (IIb > IIa), different electrophoretic mobility (IIa > IIb), different K, values for glucose (IIa, 0.109 mM; IIb, 0.216 mM), different Ki values for Glc6P (IIa, 25 pM; IIb, 0.106 mM), and different Ki values for glucose 1,6-bisphosphate (IIa, 12.2 pM; IIb, 5.5 pM). Northern-blot analysis of isolated polyadenylated RNA with an HKII-specific cDNA probe revealed two distinct transcripts 5.2 and 6.3 kb in length. This opens up the possibility that HKII microheterogeneity is due to differential RNA transcription. Two mRNA species have also been detected in other tissues such as normal rat liver [6] , skeletal muscle and heart [27] and adipose tissue [28] . Printz et al. [28] concluded from a detailed study of the HKII gene that the two transcripts are synthesized from one primary transcription-initiation site in combination with two alternative termination sites. Therefore the two mRNA species for HKII include the same open reading frame. It is not known if this is true for the two transcripts observed in MH 3924A. Two other possibilities may be put forward: first, the HKII microheterogeneity may be due to post-translational modification, and second, the larger of the two transcripts may represent only a pre-mRNA for HKII.
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Potential finctional significance of HKll microheterogeneity
The functional significance of the two HKII subtypes is not yet clear. Since HKII microheterogeneity is also found in normal rat liver with the same methodological approach as used in the tumour and in transformed but non-tumorigenic cells, it may be a common phenomenon and not restricted to tumour HK. The two subtypes differ only slightly in their kintetic constants. It is therefore questionable whether these differences play any role in vivo. The distribution between the cytosolic and mitochondrial compartments is considered to be an important factor in the regulation of HK activity [14] . Therefore the differences in hydrophobicity and the different ratios found in mitochondrial and cytosolic fractions suggest that the binding properties and, as a consequence, differences in metabolic regulation of bound and soluble enzymes may play a crucial role in the fine regulation of glucose metabolism.
Significant variations in specific and total activities of subtype IIa relative to IIb were observed between the cell lines and tissues studied (Table 1) . Normal liver exhibited equal amounts of the two subtypes. In CIIearly cells the subtype IIa was the more abundant form whereas in the MH 3924A cells, subtype IIb represented the major form. In CIIlate cells only subtype IIb was detectable. Although CII cells and MH
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3924A cells cannot be compared directly because of their different origins, it may be speculated that the ratio of HKIIdHKIIb activity is related to the degree of cell transformation, with higher amounts of HKIIb being expressed in less differentiated cells.
T h e ratio of the two subtypes showed a positive correlation with intracellular Glc6P concentration of the cells, except for GIlate where only subtype IIb was found (Figure 2 ). According to their Glc6P content the latter cells should contain small amounts of HKIIa. The failure to detect subtype IIa is probably due to the low amount of HKII available. HKIIa is mainly found in CIIearly cells, which exhibit high intracellular glycogen and Glc6P levels [29, 30] . We therefore assume that the large amount of HKIIa found in these cells in the cytosol and bound to mitochondria is of importance for glycogen accumulation. It is suggested that HKIIa is subjected to metabolic regulation whereas HKIIb may be constitutively expressed. Pedersen's group has recently shown that the HKII gene is stably amplified in the highly glycolytic AS-30D hepatoma cells [31] and that this might be the reason for HKII overexpression. It was also shown that the promoter region of this gene has potential response elements for glucose, insulin, glucagon and CAMP [7] , which indicates a susceptibility of HKII gene expression to metabolic control. The 
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significance of HKII microheterogeneity in this context remains to be clarified.
Conclusions
Our Schistosomes are parasitic blood flukes, which cause the chronic disease schistosomiasis, afflicting more than 200 million people world wide. Schistosomes have a complex life cycle with two hosts and two free-living stages which migrate from one host to the next. The adult parasitic worms of Schistosoma mansoni live in the blood vessels of their final host, man. They have a fermentative metabolism and produce mainly lactate from glucose which they obtain from their host [ 11. Cercariae, the preceding free-living stage of S. mansoni, on the other hand, have an aerobic energy metabolism. They live in water and are completely dependent on the degradation of their endogenous glycogen reserves for the generation of their energy. This glycogen is mainly metabolized via the Krebs cycle to COZ [2] . When these cercariae penetrate the final host, they transform into schistosomula and switch very rapidly from Krebs cycle activity to the production of lactate [3, 4] . This switch is the result of the mere presence of glucose, which Abbreviations used: FBP, fructose 1 ,6-bisphosphate; G6P, glucose 6-phosphate. results in an increased glycolytic flux [5] . An essential role in the switch to lactate production is probably played by hexokinase, because cercariae only start producing lactate after the addition of glucose to their medium. In order to gain a better understanding of the bioenergetics of S. mansoni, we purified and further characterized its hexokinase.
Hexokinase from S. mansoni was purified via DEAE-cellulose, using the property that it can be eluted from an anion-exchange column with 5 mM fructose 1,6-bisphosphate (FBP). Further purification was achieved by Sephadex-G100 and chromatofocusing chromatography. This revealed that the activity was associated with a single protein species of molecular mass about 50 kDa [6] . Kinetic studies on this partially purified enzyme demonstrated a high affinity for glucose (K, 61 pM). The K , for ATP was 2.4 mM and the enzyme showed little activity with galactose, a low affinity for fructose, and a V , , , with mannose or glucosamine that is considerably below that with glucose [6] .
The schistosomal hexokinase was found to be sensitive to inhibition by glucose 6-phosphate 
